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ABSTRACT 
 
Anthropogenic activities that destroy, degrade, or fragment terrestrial ecosystems 
have long-lasting detrimental impacts on ecosystem function, services, and biodiversity.  
The Tamaulipan thornscrub ecoregion of south Texas and northeastern Mexico has 
sustained considerable loss, degradation, and fragmentation due land conversion for 
agriculture, urbanization, and introduction of invasive flora and fauna.  In an attempt to 
restore habitat for endangered and migratory animals, United States Fish and Wildlife 
Service has undertaken a large-scale thornscrub revegetation effort in south Texas.  The 
goal of this study was to develop effective restoration techniques to promote growth and 
survival of Tamaulipan thornscrub species during seedling establishment.  Beginning 
March 2014, this study assessed the effects of pre-planting severe burning, seedling 
shelter tubes, and high (0.5 m-2), medium (1.0 m-2), and low (2.0 m-2) planting densities, 
both individually and in various combinations, on seedling height, basal diameter, and 
survival in relation to percent cover of surrounding invasive grasses and mammalian 
browse severity.  Treatments were selected to target major environmental and biotic 
factors believed to inhibit seedling establishment in revegetation efforts, while utilizing 
three species to reduce variations in growth and survival rates of mixed-species planting 
schemes.  After one year of treatment in March 2015, seedlings receiving only a single or 
no treatments decreased in overall mean height, increased by 24% in mean basal diameter 
from ~0.35 cm at planting, displayed an 87% survival, low herbivory, and high percent 
grass cover.  Seedlings receiving shelter tube treatments in combination with burn, 
increased density, or both more than doubled in overall mean height from ~30 cm at 
planting, increased basal diameter up to 42% from ~0.35 cm at planting, maintained a 
98% survival, increased browse, and developed a high percent grass cover.  A key 
knowledge gap was filled by providing baseline data that demonstrates the importance of 
utilizing seedling shelter tubes in combination with a pre-planting severe burning of the 
revegetation site to promote seedling success during early stages of establishment in 
harsh semiarid environments.  A cost-benefit analysis of treatment combinations was 
performed in order to aid land managers in adjusting current restoration practices for 
preparing and planting thornscrub in degraded habitats. 
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I.  INTRODUCTION 
Anthropogenic activities which destroy, degrade, or fragment terrestrial ecosystems 
have long-lasting detrimental impacts on ecosystem function, services, and biological 
diversity (Collinge 1996).  Semi-arid ecosystems cover over 30% of Earth’s surface (Huang 
et al. 2008), and are experiencing severe fragmentation and habitat loss at alarming rates.  
The Tamaulipan thornscrub ecoregion, a historically dense shrubland found in south Texas 
and northeastern Mexico, is one of many heavily impacted subtropical semi-arid regions 
(NatureServe 2009).  Morphologically composed of dense, drought tolerant species of small 
trees and shrubs with relatively slow growth rates (Foroughbakhch et al. 2006), many species 
of thornscrub possess structural defenses to protect against herbivory (Taylor and Herrera 
1997).  Tamaulipan thornscrub forests, as woody assemblages of species, function in carbon 
storage (Nowak and Crane 2002), nutrient cycling (Návar-Chaidez 2008; McCulley et al. 
2004), and maintenance of soil structure (Oades 1984), which can prevent erosion as well as 
conserve soil moisture (Bochet et al. 1998).  More importantly, these ecosystems provide 
food, nest sites, and cover for many species of endangered and migratory animals 
(Jahrsdoerfer and Leslie 1988).  Over the last century, over 95% of the native Tamaulipan 
thornscrub region in south Texas has been converted for agriculture, ranching, and 
urbanization (Jackson et al. 2005; Young and Tewes 1994; Jahrsdoerfer and Leslie 1988).  
Remaining tracts of thornscrub habitat are generally small, less than 40 ha, scattered 
(Jahrsdoerfer and Leslie 1988), and colonized by exotic grasses that inhibit natural 
regeneration of native plant species (Smith 2010).  As thornscrub habitat rapidly vanishes 
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from the south Texas landscape, species of wildlife dependent on the environment will 
vanish, as well. 
With less than 80 individuals remaining in the United States, the endangered ocelot 
(Leopardus pardalis Linneaus, 1758) depends directly on dense tracts of Tamaulipan 
thornscrub forest with < 95% canopy cover for breeding, survival, and dispersal (Haines et 
al. 2005; Jackson et al. 2005; Harveson et al. 2004) and restoring thornscrub habitat is 
believed to be the only way to ensure the persistence of native ocelot populations  (Haines et 
al. 2006; Harveson et al. 2004).  In an attempt to restore habitat for one of two remaining 
ocelot populations in the country and for numerous other native and migratory animals, 
United States Fish and Wildlife Service (USFWS) has undertaken a large-scale thornscrub 
revegetation effort of post-agricultural lands at Laguna Atascosa National Wildlife Refuge 
(LANWR) in south Texas.  However, until recently, past restoration attempts included very 
little post-planting monitoring and were largely unsuccessful (Table 1), resulting in high 
seedling mortality and seedlings planted in crop-like rows (Ewing and Best 2004) that did not 
resemble the dense thornscrub habitat ocelots require (Harveson et al. 2004).  This study, in 
addition to a small number of recent studies, set out to quantify the extent of growth and 
survival and environmental effects on Tamaulipan thornscrub seedlings during the initial 
post-planting stages of revegetation (Alexander et al. In Revision; Dick 2015).  This 
information is crucial to understanding ecological conditions most suitable for seedling 
establishment and survival in semi-arid environments.  
Among the dominant factors affecting seedling establishment in revegetated areas are 
environmental and biotic stressors (e.g. extreme temperatures, drought, invasive grasses, and 
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herbivory) (Alexander et al. In Revision; Dick 2015; Young and Tewes 1994).  Because 
south Texas is a semi-arid environment with high temperatures, low and erratic precipitation, 
and high evaporation (Jahrsdoerfer and Leslie 1988), hardy, invasive grasses with aggressive 
growth habits that were introduced in the early 1900s for cattle grazing (Smith 2010) often 
out-compete small, shallow-rooted native plants by consuming soil water and nutrients 
(D’Antonio and Vitousek 1992; Aguiar et al. 1992).  Invasive grasses such as Bermuda grass 
(Cynodon dactylon (L.) Pers.), bufflegrass (Cenchrus ciliaris L.), Guinea grass (Megathyrsus 
maximus (Jacq.) B.K. Simon & S.W.L. Jacobs), and Kleberg bluestem (Dichanthium 
annulatum (Forssk.) Stapf) thrive in harsh environments and often colonize areas that are 
normally inhospitable for other plants (Webster et al. 2004).  Furthermore, invasive grasses 
absorb or intercept incident light close to the soil surface and limit the establishment and 
photosynthetic ability of competing native species (Webster et al. 2004; D’Antonio and 
Vitousek 1992).  Additionally, vulnerable thornscrub seedlings planted in open revegetated 
areas are exposed to unnaturally high levels of herbivory in south Texas as a result of the 
removal of natural predators of mammalian herbivores (Alexander et al. In Revision; Dick 
2015; Guthery and Beasom 1977).  Herbivores, such as the eastern cottontail (Sylvilagus 
floridanus J.A. Allen), white-tailed deer (Odocoileus virginianus Zimmermann), and exotic 
nilgai (Boselaphus tragocamelus Pallas), systematically remove plant biomass from exposed 
seedlings, resulting in high mortality and loss of valuable tissue (Alexander et al. In 
Revision; Dick 2015; Augustine and McNaughton 1998; Sheffield 1983) which may 
consequently alter nutrient flow and species composition within the ecosystem (Terborgh et 
al. 2001; Augustine and McNaughton 1998). 
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As part of the on-going revegetation effort at LANWR, my goal was to develop 
effective and efficient revegetation techniques to ensure growth and survival of Tamaulipan 
thornscrub forest species during the precarious stages of seedling establishment with minimal 
post-planting maintenance.  In order to target the major factors (climate, herbivory, and 
invasive grass competition) inhibiting seedling growth and survival in past restoration efforts, 
I applied and assessed the effects of a pre-planting severe burning, seedling shelter tubes, and 
varying planting densities (high, medium, and low) on seedling height, basal diameter and 
survival in relation to percent cover of surrounding invasive grasses and severity of browse.  
Over the span of one year, my study focused on three native Tamaulipan thornscrub forest 
species, Texas ebony (Ebenopsis ebano (Berland.) Barneby & J.W. Grimes), narrow-leaf 
elbowbush (Forestiera angustifolia Torr.), and spiny hackberry (Celtis pallida Torr.), which 
represent the natural vertical organization of vegetation in mature, dense thornscrub forest 
ecosystems.  The seedlings in this study were planted at high, medium, and low densities to 
assess whether seedling success would increase with stand density.   
In past restoration efforts, Tamaulipan thornscrub seedlings were planted at low stand 
density (≤ 1 m x 2 m spacing) (Alexander et al. In Revision; Dick 2015; Ewing and Best 
2004) which did not mimic natural thornscrub vegetation density (Harveson et al. 2004).  
However, high density planting may be crucial in establishing facilitative interactions 
between plants at such a critical stage of development (Návar et al. 2014; Shankarnarayan et 
al. 1987) by relieving environmental and biotic stress (Andel and Aronson 2009; D’Odorico 
et al. 2007; Reynolds et al. 1999).  Facilitative interactions among neighboring plants are 
common in semi-arid environments because isolated vegetation patches serve as resource 
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islands in terms of shade and soil fertility (Andel and Aronson 2009).  Seedlings growing at 
higher stand densities may benefit one another by improving microclimate, water conditions, 
and (Callaway and Walker 1997) soil nutrients by trapping leaf litter beneath the canopy 
(Reynolds et al. 1999).   
In an effort to further increase the possibility for seedling success, a pre-planting 
severe burning of the site was applied in an attempt to prohibit immediate reestablishment of 
invasive grasses (Neary et al. 1999), as buried seed banks containing seeds of invasive 
grasses can be lost following a single severe fire (Musil et al. 2005; Price 2003).  However, 
as slow-moving severe fires produce the most significant volatilization losses of nutrients 
(Neary et al. 1999) and organic matter, N-fixing leguminous species of vegetation, such as 
Texas ebony, are often successful in initiating nutrient cycling (DiTomaso et al. 2006).  
Texas ebony was utilized in the planting scheme for this study to potentially offset nitrogen 
deficiencies for surrounding seedlings (DiTomaso et al. 2006; Crews 1999) following the 
burning.  Additionally, the Texas ebony was selected for its potential, as a leguminous 
species, to serve as a nurse tree species for subsequent native plant establishment (Padilla and 
Pugnaire 2006; Pugnaire et al. 1996) as it helps offset potential soil nitrogen deficiencies and 
increase overall biomass productivity in nearby species (Parrotta 1999).   
In order to improve microclimate and reduce herbivory during vulnerable stages of 
development (Alexander et al. In Revision; Dick 2015; Sharrow 2001), seedling shelter tubes 
were installed as a third treatment in this study.  Environmental stressors such as wind, space, 
soil moisture, light, transpiration, and herbivory may be decreased through the use of 
seedling shelter tubes during vulnerable stages in seedling establishment, allowing 
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individuals to develop increased above-ground biomass (Bainbridge et al. 1995).  Seedling 
tubes have been shown to reduce herbivory and improve microclimate within the tubes to a 
point that is favorable for growth and survival of plants (Alexander et al. In Revision; Dick 
2015; Oliet and Jacobs 2007).  The tubes create a greenhouse microclimate (Oliet and Jacobs 
2007) that improves plant metabolism and transpiration (Bergez and Dupraz 2009) when 
high relative humidity and warmer temperatures, such as those experienced in South Texas, 
are combined, creating a higher probability for formation of dew within the tubes resulting in 
higher soil moisture (Dick 2015; Sharrow 2001).  However, hardier root systems and wider 
basal diameters are not typical of seedlings established within shelter tubes (Dick 2015; 
Bainbridge et al. 1995).  While narrow shelter tubes can have adverse effects on canopy 
architecture (Dick 2015) and make established seedlings more susceptible to wind damage 
once the shelter tube is removed, it has been shown that most seedlings recover a natural 
shape over time (Bainbridge et al. 1995). 
 For this study, each treatment was applied individually or in combination, while cost-
tracking of each treatment was utilized to help aid land managers in selecting which 
combination of treatments to use when revegetating open post-agricultural sites.  I expected 
Tamaulipan thornscrub seedling growth and survival to increase through the combined use of 
pre-planting severe burning, shelter tube, and high density planting treatments, as opposed to 
seedlings grown without or with only a single treatment.  More specifically, I hypothesized 
that the use of a pre-planting severe burning of the revegetation sites would increase seedling 
growth and survival, primarily before invasive grasses reestablished, and would begin to lag 
as grass cover increased.  Additionally, I hypothesized that seedlings planted with the use of 
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seedling shelter tubes and at higher stand densities would be more successful because of the 
potential for improved microclimate and protection from herbivores.  My prediction was that 
once seedlings within the shelter tube treatments reached the tops of the tubes, however, they 
would become exposed to herbivory by large ungulates (Alexander et al. In Revision; Dick 
2015; Leroy and Caraglio 2003; Sharrow 2001).  Additionally, I hypothesized that planting 
seedlings at higher stand densities would potentially improve microclimate around seedlings 
by moderating air temperature and wind stress, improving soil nutrient and water conditions 
beneath the canopy, as well as providing protection from herbivores (Padilla and Pugnaire 
2006; Callaway and Aschehoug 2000).  I further expected seedlings within shelter tubes to 
grow taller, with smaller respective basal diameters due to resource allocation toward height 
growth in the presence of more favorable microclimate conditions (Oliet et al. 2005; Jiménez 
et al. 2005; Leroy and Caraglio 2003; Bellot et al. 2002; Sharrow 2001).  Conversely, I 
expected seedlings grown without the use of a tube to grow shorter in height with larger 
respective basal diameters by establishing more robust root systems as an adaptive response 
to environmental stress (Li et al. 2008; Wu et al. 2008; Oliet et al. 2005).  This study is 
significant because it provides data to aid land managers in adjusting current restoration 
practices for preparing and planting thornscrub in degraded habitats.  Perhaps more 
importantly, however, this study fills a key knowledge gap by providing baseline data that 
contributes to understanding the ecological conditions most suitable for improving growth 
and survival of woody seedlings during vulnerable stages of establishment in highly 
fragmented semi-arid ecosystems worldwide.  
  
 
 
II.  METHODS 
Study Site 
 The study took place at LANWR within the Bobcat Unit (N 26°15.798´, W 
97°21.967´) off of County Road in Cameron County, Texas.  Privately owned until 1946, the 
39,257 ha refuge is host to the federally and state endangered  ocelot, a species common to 
the study site (“U.S. Fish and Wildlife Service Laguna Atascosa National Wildlife Refuge 
Texas” 2014).  Tamaulipan thornscrub includes up to 60 shrub and tree species with an 
average height of 4 m, half of which possess structural adaptations (i.e. thorns) to protect 
against herbivory (Jurado et al. 2001).  During the length of the study, total rainfall in the 
area was 74 cm, with average temperatures ranging from 8-17 °C in the winter to 25-34 °C in 
the summer (Figure 1, “NOAA 2015”).  Average wind speed was southeast at 5.2 m/s 
throughout most of the year (“NOAA” 2015).  The soils in this flat area are comprised of 
90% clay and loam soils and only 3% sandy soils (Jahrsdoerfer and Leslie 1988). 
Experimental Design 
The study site was prepared in January 2014, by USFWS prior to planting by clearing 
the area of existing vegetation, a majority consisting of invasive Guinea grass and woody 
species of mesquite (Prosopis glandulosa Torr.) and huisache (Vachellia farnesiana (L.) 
Willd), which does not typically form a low-growing, dense canopy necessary for ocelot 
habitat.  A skidsteer loader, backhoe, and bulldozer were used to push the woody vegetation 
into four piles of similar size and composition at previously selected locations within the 
study site for burn treatments.  In February 2014, upon suitable conditions for conducting a 
controlled burn, the piles were ignited using a drip torch, burned, and allowed to smolder for 
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5-7 days, then leveled prior to planting using a bulldozer.  Fire temperatures for the burn 
piles were not recorded, as they exceeded the maximum temperatures of the pyrometers 
available for this study.  
A total of 1,008 one to two year old seedlings (336 of each Texas ebony, narrow leaf 
elbowbush, and spiny hackberry) were utilized for planting.  The seedlings in the study were 
< 30 cm in height and grown at local nurseries using native soils similar to those found at the 
revegetation site.  Texas ebony (mature height 4.6 – 9.1 m), spiny hackberry (mature height 
1.2 - 4.6 m), and narrow-leaf elbowbush (mature height 0.9 – 2.4 m) were selected for 
planting because they are representative of the natural vertical organization of vegetation in 
mature established Tamaulipan thornscrub forests and for their functional roles within the 
ecosystem (Taylor and Herrera 1997).  Each of the three species are co-dominant in mature 
thornscrub forests and provide important nesting and food sources for wildlife (Taylor and 
Herrera 1997).  Additionally, Texas ebony was selected for its nitrogen-fixing abilities, 
which had the potential to offset soil nitrogen deficiencies in the pre-planting severe burning 
treatments.  In the study site, seedlings were hand-transplanted at a depth of approximately 
20 cm in March 2014.  The spring planting was due to unfavorable burn conditions for site 
preparation during the previous fall, a more traditional planting season.  Each seedling was 
permanently tagged using color-coded flags.  
 A randomized complete block split-split-plot was utilized for the experimental 
design.  The study area was divided into four 35 x 40 m blocks, spaced 20 m apart (Figure 2) 
to serve as replicates in order to account for variability in our results.  Blocks were further 
split into two 35 x 20 m plots, which were randomly assigned to either a pre-burn or 
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unburned treatment.  Each plot was again split into two subplots, where were randomly 
assigned to either receive a seedling shelter tube or not.  The ‘tube’ and ‘no tube’ areas were 
then divided into three 8 x 8-m plots, which were randomly assigned to a planting density 
treatment.  Low density treatments contained a seedling planted every 2 m-2 (current planting 
density utilized by USFWS), medium density every 1 m-2, and high density every 0.5 m-2 
(Figure 3).  Twenty-one seedlings, were randomly planted in each density treatment plot, 
seven of each of the three species.  Flags of different color were placed next to seedlings and 
were indicative of each species (red flags represented Texas ebony, yellow flags represented 
narrow-leaf elbowbush, and orange flags represented spiny hackberry) to aid in seedling 
identification at planting and during sampling.  The design created 12 treatment 
combinations. 
Seedling shelter tubes used in this study were translucent beige polyethylene blend 
grow tubes, 10 cm in diameter and 74 cm tall (“Plantra Grow Tubes for Trees” 2014).  The 
translucent design allowed for sunlight diffusion, while the beige pigment allowed for 
optimal plant growth in various sunlight conditions (“Plantra Grow Tubes for Trees” 2014).  
The tubes were secured by pushing them a few centimeters into the soil to maintain soil 
moisture and fastened to SunFLex 1.22 m reinforced three-sided fiberglass support stakes 
using reversible zip ties, one through the top and one through the bottom of the tube (“Plantra 
Grow Tubes for Trees” 2014).  The support stake design helped ensure tube stability during 
high winds to prevent tipping, which could alter tube microclimate by allowing moisture to 
escape and air to flow in from beneath the tube, altering temperature and moisture.  The 
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seedling shelter tubes in the treatments remained on the plants during the entire length of the 
study.   
In August 2014, a 3% mixture of Clethodium 2E, a grass-specific herbicide, and 1% 
Activator 90 R.O.C. crop oil was applied once across the site in an attempt to control 
invasive grasses.  Although applied, the herbicide had little effect on percent cover of 
grasses, and further application was eliminated from the study, as it was not a tested 
treatment. 
Data Collection 
 On a 4-month basis from March 2014, until March 2015, I quantified seedling height 
and basal diameter and survival in relation to surrounding invasive grass cover and herbivore 
browse in each of the 12 treatment combinations.  For each seedling, seedling height was 
measured to the nearest 0.1 cm from the base of the stem to the tallest terminal bud or to the 
highest green leaf for seedlings that had experienced die-back.  Basal diameter was measured 
to the nearest 0.01 cm using calipers within 0.5 cm above the soil, perpendicular to the main 
stem.  When measuring plants with multiple stems, the largest stem was measured.  Seedling 
survival was quantified during each sampling by noting if the seedling was alive or dead 
based on the presence of green foliage.  Because thornscrub seedlings are drought deciduous, 
seedlings that appeared to have resprouted upon the next sampling were reclassified as alive.  
Browse intensity was quantified by noting the number of stems freshly-browsed by 
mammalian herbivores, as well as the apparent species responsible for the herbivory.  Percent 
cover of invasive grasses was visually estimated within a 0.25 m radius of each seedling.   
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Cost-Benefit Analysis 
 A cost-benefit analysis for the 12 treatment combinations was generated by 
calculating the cost of each treatment per seedling, expressed in U.S. customary units which 
are typically used by land managers.  Treatments included the use of a pre-planting severe 
burn, seedling shelter tubes, and planting density.  The current planting scheme used by 
USFWS is at low density or ~1,000 seedlings per acre.  Seedling shelter tube treatments were 
calculated with the discounted unit price of shelter tube with fiberglass stake ($2.99) 
(“Plantra Grow Tubes for Trees” 2014) per seedling at 1,000 seedlings, but did not include 
the cost of labor for installation.  Site preparation (bulldozing, backhoeing, skidsteering, and 
controlled burning) costs were estimated at $7,710.00 per acre and calculated by adding total 
diesel fuel cost plus total labor cost.  The price per seedling was estimated at $1.70 per 
seedling (L&L Growers, San Benito, Texas) and was multiplied times the percent survival to 
approximate the cost of seedling survival at 1,000 seedlings.  Additionally, average growth 
rates (cm/yr) over the first year of establishment were used to estimate the length of time for 
seedlings to reach mature canopy height (~4 m), as well as a height taller than surrounding 
invasive grasses (1.5 m), utilizing the various treatment combinations.  However, growth rate 
estimates were likely overestimated as they were established using linear trends, which do 
not accurately represent natural growth curves for woody species which experience slower 
growth during establishment (Assmann 1970). 
 In order to compare treatment results of this study to those of similar studies, a 
literature comparison table was constructed.  A success index ranking was established based 
on reported measurements of survival, height growth, and basal diameter growth over 1 year.  
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Measurements were categorized on a scale of 0 to 1 with values closer to 1 being desirable 
and values closer to 0 being undesirable.  Seedling survival as percent survival per year was 
categorized as follows: 1 (desired): 88 – 100%; 0.75: 75 – 87%; 0.5: 62 – 74%; 0.25: 49 – 
61%; 0 (undesired): ≤ 48%.  Height growth in cm/yr was categorized as follows: 1 (desired): 
≥ 30 cm; 0.75: 20 – 29 cm; 0.5: 10 – 19 cm; 0.25: 1 – 9 cm; 0 (undesired): ≤ 0 cm.  Basal 
diameter growth in cm/yr was categorized as follows: 1 (desired): ≥ 0.33 cm; 0.75: 0.23 – 
0.32 cm; 0.5: 0.13 – 0.22 cm; 0.25: 0.4 – 0.12 cm; 0 (undesired): ≤ 0.03 cm.  The resulting 
values for each treatment combination were averaged and assigned an index ranking: 1 
(desired): 0.9 – 1.0; 2: 0.7 – 0.8; 3: 0.5 – 0.6; 4: 0.3 – 0.4; 5 (undesired): 0.1 – 0.2.  
Treatments with index rankings closer to 1 were considered more effective, while rankings 
closer to 5 were considered ineffective.   
 
Statistical Analyses 
 Data were analyzed as a four-way, repeated measures analysis of variance (ANOVA) 
using SAS v 9.4 statistical software to compare fixed effects (date, burn, tube, density, and 
all interactions) to plot level means of seedling height, basal diameter, survival, grass cover, 
and browse using the seedling as the repeated measure (covariance structure = 
autoregressive).  Four replicates of burn treatments (randomized blocks) were constructed to 
account for natural variation in soil, microtopography, and grass competition across the site, 
with burn, burn*tube, and burn*tube*density to account for split-split plot design.  Figures 
and tables reflected actual means and standard errors, however, transformations (basal 
diameter = log, grass cover and browse = arcsine) were performed in order to meet 
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assumptions of normality (Kolmogorov-Smirnov test) and homogeneity of variances 
(Levene’s test).  Seedling survival data were analyzed using JMP 11 statistical software, as it 
did not require repeated measures analysis.  When significant (P<0.05) higher order 
interactions were present, Tukey’s HSD and Fisher’s LSD post hoc tests were performed in 
order to examine multiple comparisons of fixed effects.   
  
 
 
III.  RESULTS  
Seedling Height 
During the first year of establishment, seedling height increased across shelter tube 
treatment combinations and decreased across the no tube treatment combinations.  The 
overall treatment interactions of date*burn*tube*density on seedling height growth were 
found to be significant (p = 0.0042), as were the burn*tube*density interactions (p = 0.0299, 
Table 2), such that the effects of burn/tube/high-density planting on height growth were 
significantly greater than those of the burned/no-tube and unburned/no-tube combinations at 
all densities (p < 0.05).  However, when further analyzed by individual species, the 
burn*tube*density interaction was only evident for the spiny hackberry (p = 0.0281, Table 3) 
and not among the narrow-leaf elbowbush or the Texas ebony (both p > 0.05, Table 4 and 5).  
The effects of the burned/tube combinations on height growth were significantly than 
burned/tube and burned/no-tube at corresponding planting densities (p < 0.05).  Overall, 
height increases more than doubled with the use of shelter tubes in both burned and unburned 
treatments, compared to seedlings planted without the use of shelter tubes which decreased 
by ~15% (P < 0.0001, Table2, Figure 4).  Additionally, seedlings planted with the use of 
tubes in burned/high (79.2 ± 27.8 cm) and medium (77.7 ± 23.0 cm) density treatments 
showed slightly larger average height growth when compared to low density (74.6 ± 24.8 
cm) treatments.  At the species level, height growth of spiny hackberry exceeded that of the 
narrow-leaf elbowbush and Texas ebony (Figure 5).  Although 10-15% shorter than 
individuals in the burned/tube treatments, seedlings planted with the use of a shelter tube in 
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in the unburned/medium (69.7 ± 17.1 cm) and high (68.4 ± 22.6 cm) density treatments were 
20% taller than those planted at low density (57.1 ± 25.3cm).   
While seedlings planted without the use of a shelter tube were an average of 3 times 
shorter than seedlings in tube treatments, the combination of burned/no-tube treatments 
resulted in a 12% greater average height growth in medium density planting (27.6 ± 15.1 cm) 
than at high (24.6 ± 12.6cm) and low densities (24.2 ± 14.5 cm).  Furthermore, seedlings 
planted in unburned/no-tube treatment at high density (28.2 ± 11.8 cm) also had slightly 
greater height growth than seedlings planted at medium (24.1 ± 10.4 cm) and low densities 
(22.9 ± 10.7 cm).   
Seedling Basal Diameter   
During first year of seedling establishment, basal diameter of seedlings increased 
across all treatments in the study.  The overall interactions between the 
date*burn*tube*density treatment combination on basal diameter were significant (p < 
0.001), as were the burn*tube*density combinations (p < 0.001, Table 2).  The effects of 
burned/tube treatments on basal diameter growth were significantly higher than burned/no-
tube treatments at all densities (p < 0.05), while burned/tube/high-density effects were 
significantly higher than unburned/tube and unburned/no-tube combinations at all densities 
(p < 0.05).  However, when further analyzed by individual species, the burn*tube*density 
treatment interactions were only significant for in narrow-leaf elbowbush (p = 0.0189, Table 
4) and spiny hackberry (p = 0.0047, Table 3), and not in Texas ebony (p > 0.05, Table 5), 
such that effects of burned/tube at all densities were significantly greater than burned/no-tube 
at high and low densities (p < 0.05).  Seedlings exhibited a 42% increase in the shelter tube 
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treatments in both the burned and unburned treatments, as compared to the no tube 
treatments with only a 24% increase (P < 0.0001, Figure 6), while at a species level, spiny 
hackberry experienced a greater overall rate of change across most treatments than narrow-
leaf elbowbush or Texas ebony (Figure 7).  Seedlings planted in the burned/tube/high density 
treatment (0.70 ± 0.28 cm) displayed a similar average basal diameter to low density (0.69 ± 
0.26 cm), showed slightly larger basal diameter growth when compared to the medium 
density treatment (0.61 ± 0.21 cm).  Seedlings planted in the unburned/tube treatment 
exhibited a larger average basal diameter at medium density (0.64 ± 0.18 cm) compared to 
high (0.54 ± 0.15 cm) and low (0.50 ± 0.18 cm) densities.  
Seedlings planted in the burned/no tube treatments exhibited a larger average basal 
diameter at medium density (0.56 ± 0.28 cm) compared to high (0.49 ± 0.22 cm) and low 
(0.44 ± 0.21 cm) densities.  Seedlings planted in the unburned/no tube treatment had slightly 
greater average basal diameter growth in low density planting treatments (0.49 ± 0.17 cm), 
with smaller average basal diameters at medium (0.47 ± 0.17 cm) and high (0.47 ± 0.14 cm) 
densities. 
Seedling Survival  
Overall, seedlings planted with the use of shelter tubes displayed a 10-20% greater 
survival than seedlings planted without the use of a shelter tube by the end of the first year of 
establishment (P < 0.0001, Table 2, Figure 8).  The treatment effects of burned/tube 
combinations were significantly greater than unburned/no-tube combinations at all three 
corresponding densities (p < 0.05).  Furthermore, burn*density was found to be significant (p 
= 0.0277) in such a way that seedlings planted with the combined use of a burned/tube 
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maintained a 2-5% greater survival at high density (91 ± 30%) than medium (86 ± 36%) or 
low (87 ± 34%) densities.  However, seedlings planted in burned/no tube areas possessed a 
20-25% lower average survival in low (65 ± 48%) and medium (61 ± 49%) densities, while 
high (82 ± 39%) density planting yielded 7% lower survival.  Seedlings planted in the 
unburned/no-tube treatment combination at all three densities yielded 5-15% higher mortality 
(28 ± 45%) compared to seedlings planted in unburned/tube treatment (83 ± 37%) 
combinations.  At the species level, the tube*density treatment combination was significant 
for Texas ebony (p = 0.0026) and spiny hackberry (p = 0.0414) in that seedlings planted at 
medium and low densities in shelter tube treatments had greater survival than in un-tubed 
treatments (Table 3 and 5; Figure 9).  Burn*tube and date*tube treatment combinations were 
significant for the narrow-leaf elbowbush (p = 0.0214; p < 0.0001) in that seedlings planted 
at low density experienced greater mortality than seedlings planted at high density (Table 4).  
The burn*density treatment combination was found to be significant for Texas ebony (p = 
0.0065) as unburned, low density planting yielded higher mortality than seedlings planted in 
burned areas at high and low densities.  The treatment effects of burned/tube combinations 
on survival in narrow-leaf elbowbush and Texas ebony were significantly greater than 
unburned/no-tube combinations (p < 0.05).   
Browse Abundance 
The interaction of the date*burn*tube*density treatments on overall herbivory was 
found to be significant (p = 0.0032, Table 2), as were the interactions of the 
burn*tube*density treatments (p = 0.0011).  The treatment effects of the burned/tube/high-
density planting on browse were significantly higher than in the unburned/tube/high-density 
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(p < 0.05), as were the effects of the burned/no-tube treatments at all three planting densities 
significantly greater than the unburned/tube treatment combinations at high and low planting 
densities (p < 0.05).  However, when further analyzed by individual species, 
burn*tube*density effects were only significant in the narrow-leaf elbowbush (p = 0.0064, 
Table 4) and not in the spiny hackberry or the Texas ebony (both p > 0.05, Table 3 and 5).  
Seedlings planted in the burned/tube treatment at low density exhibited the highest average 
number of stems browsed (2.1 stems, Figure 10).  However, seedlings planted with the use of 
seedling shelter tubes during the first year of establishment exhibited less herbivory in 
unburned treatments at high (0.6 stems) and low (0.5 stems) densities.  Seedlings in the no-
tube treatments experienced similar herbivory between burned and unburned treatments (0.6-
1.5 stems).  When further analyzed by species, the mean number of stems browsed was 
greater in spiny hackberry across treatments (Figure 11). 
Invasive Grass Cover 
 Average percent cover of invasive grasses increased from 0% in the initial sampling 
to as high as 68-98% by the final sampling (Figure 12).  Overall, significant interactions in 
the date*burn*tube*density (p = 0.0238) and the burn*tube*density treatments (p < 0.0001) 
were revealed (Table 2), with percent cover remaining slightly lower in the tube treatment 
combinations than in the no tube treatment combinations at varying densities and burn 
treatments.  The treatment effects of burned/tube/high-density combination on grass cover 
were significantly greater than burned/no-tube/medium and low densities and unburned/no-
tube at all three planting densities (p < 0.05).  The date*density combination was marginally 
significant at the species level for narrow-leaf elbowbush (p = 0.0427, Table 4) and Texas 
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ebony (p = 0.0445, Table 5, Figure 13).  The effects of low density planting on grass cover 
were significantly lower than high or medium density planting (p < 0.05). 
Treatment Costs and Benefits 
 The cost of seedling survival when planted without any form of treatment was 
~$1,479 per 1,000 seedlings, 13% less than the amount maintained by seedling survival with 
the use of all three study treatments, burn/tube/high-density, at ~$1,666 per 1,000 seedlings 
(Table 6).  The use of a burn/tube treatment combination (~$10.70 per seedling) improved 
height and basal diameter growth across all three densities, however, survival decreased at 
low and medium densities by 6-7% and as much as 11% in untreated seedlings.  The burn 
treatments alone were ~$7,710 per 1,000 seedlings, but yielded only a 3% greater survival 
than seedlings in the unburned treatments, while height and basal diameter growth were 
similar.  In the unburned treatment, the act of simply adding a shelter tube did not appear to 
dramatically increase survival, however, it did increase height and basal diameters of 
seedlings compared to the un-tubed seedlings.   
  
 
 
IV.  DISCUSSION  
 Revegetation of Tamaulipan thornscrub forests is an important component in 
restoring native habitat for endangered and migratory species of animals in south Texas.  The 
results of this study provide evidence to support the hypothesis that the use of planting 
treatments are necessary to increase growth and survival of Tamaulipan thornscrub forest 
seedlings during the first year of establishment.  The planting treatments tested in this study 
were specifically selected to target major environmental and biotic stressors believed to 
inhibit seedling success, while utilizing three species in order to reduce variations in growth 
and survival rates of mixed-species planting schemes utilized in past thornscrub forest 
revegetation studies (Alexander et al. In Revision; Dick 2015; Ewing and Best 2004; Young 
and Tewes 1994).  The act of simply planting seedlings in semi-arid environments without 
the use of treatments to mitigate environmental stressors has typically resulted in high 
seedling mortality and reduced growth (Table 1; Alexander et al. In Revision; Dick 2015; 
Ewing and Best 2004; Young and Tewes 1994), which may not only lead to economic losses 
through ineffective revegetation efforts, but ultimately to irreversible losses of wildlife that 
depend on thornscrub forest ecosystems for survival. 
As predicted, seedlings planted with the use of shelter tubes displayed greater 
survival than seedlings planted without the use of shelter tubes during the first year of 
establishment, likely due to the improved microclimate within the shelter tubes, as well as 
protection from loss of tissue from browse (Dick 2015; Oliet et al. 2005; Jiménez et al. 2005; 
Leroy and Caraglio 2003; Bellot et al. 2002; Sharrow 2001).  These findings were consistent 
with similar recent studies (Table 1), as shelter tubes are cooler at night and warmer during 
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the day (Dick 2015) improving plant metabolism and transpiration (Bergez and Dupraz 
2009).  One species that may have been more sensitive to microclimate than the others was 
the narrow-leaf elbowbush, which displayed the greatest mortality in burned treatment areas 
when grown without the use of shelter tubes, and the greatest survival in both burned and 
unburned areas when grown with the use of shelter tubes.  When high relative humidity and 
longer daily intervals of condensation, such as those experienced in south Texas, are 
combined, shelter tubes create a higher probability for formation of dew within the tubes, 
reducing water stress and increasing seedling survival (Jiménez et al. 2005; Bellot et al. 
2002; Sharrow 2001).   
I expected that planting seedlings at higher stand densities would display increased 
survival across the site, however, seedling survival only increased for the narrow-leaf 
elbowbush, which was likely due to benefits attained through close proximity of neighboring 
plants (Callaway and Walker 1997).  Survival of narrow-leaf elbowbush increased in high 
density planting schemes and decreased in low density planting schemes.  Facilitative 
interactions are common among neighboring plants in semi-arid environments because 
isolated vegetation patches serve as resource islands which promote the establishment of 
woody vegetation (Andel and Aronson 2009; D’Odorico et al. 2007; Callaway and Walker 
1997) and may enable native thornscrub forest species to successfully compete with invasive 
grasses.   
Overall height growth increased with the use of shelter tubes as expected (Alexander 
et al. In Revision; Dick 2015; Young and Tewes 1994; Oliet et al. 2005; Young and Tewes 
1994) in the burned treatments, and decreased, however, in the unburned treatments.  These 
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findings were not consistent with recent similar studies that indicated shelter tubes, alone, 
resulted in increased height growth (Table 1).  Seedlings planted in the burned/tube 
treatments were 4-6 times taller than seedlings in the unburned/tube treatments, suggesting a 
potential for improved soil nutrient conditions coupled with sufficient rainfall (73.4 cm from 
March 2014 – March 2015) (“NOAA” 2015) following the planting (Hodgkinson 1991).  
Overall height growth in the burned/tube/high-density treatments increased more so than any 
other treatment combination.  Because microbial activity and nutrient storage are largely 
regulated by temperature and moisture, increased temperatures in the darker, burned soils 
likely influenced belowground decomposition (Neary et al. 1999).  Additionally, while 
nitrogen can become volatilized following a severe fire, organic phosphorus that is readily 
available to plants for development of plant tissue, can increase due to the accretion of ash 
from burned vegetation (Neary et al. 1999).     
Height decreases in the unburned treatments were likely due to seedlings 
experiencing dieback as a result of competition with invasive grasses for light and soil 
resources, as well as tissue loss caused by herbivory.  Competition with invasive grasses may 
have inhibited seedling growth overall (Baudena et al. 2010), as seedlings across no tube 
treatments were generally found below a thick canopy of grass, while seedlings within tubes 
were encircled by the thick layer of grass.  Previous studies have similarly found decreased 
growth and survival of seedlings planted in the presence of high grass cover; however, when 
grass cover was mitigated through the use of herbicide, the addition of shelter tubes appeared 
to increase growth and survival (Table 1).  I anticipated height growth to increase as planting 
density increased through mitigation of harsh environmental stressors and herbivory; 
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however, increasing planting density did not produce the defined trend I expected.  Planting 
at higher stand densities in closer proximity to a leguminous species, Texas ebony, may have 
helped offset potential soil nitrogen deficiencies and increase overall biomass productivity in 
nearby species (Parrotta 1999) within burn*tube treatment combinations, but no single 
density treatment proved to be more beneficial than the others across treatment combinations.  
Originally, I expected to find larger basal diameters in seedlings within the un-tubed 
treatments and smaller basal diameters within the tube treatments, as allocating more 
resources toward height growth typically leads to less developed root systems in plants 
(Gómez-Aparicio et al. 2006; Leroy and Caraglio 2003; Sharrow 2001; Bainbridge et al. 
1995).  However, results indicated, as in similar regional studies, during the first year of 
establishment that the largest basal diameters were produced in the shelter tube treatments 
(Table 1), likely caused by improved growth conditions that were not necessarily available to 
un-tubed seedlings.  Overall mean basal diameter of seedlings increased more in burned/tube 
treatments across all densities, but similarly did not follow a specific trend by planting 
density.  Across the tube treatments, spiny hackberry displayed the greatest basal diameter 
increases compared to other species, particularly when combined with the severe burn.  
Seedlings in the un-tubed treatments were likely exposed to greater competition with the 
surrounding invasive grasses for light and soil resources, leading to less growth overall 
(D’Antonio and Vitousek 1992).  Mean basal diameter of seedlings receiving only a shelter 
tube treatment for one year were ~3 times smaller than those of other similar studies (Table 
1).  Because of the high amount of precipitation throughout the study period (73.4 cm from 
March 2014 – March 2015) (“NOAA” 2015), competition for soil moisture was likely 
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reduced, suggesting smaller basal diameters were more likely due to competition with 
grasses for limited nutrient resources and photosynthetic ability (Baudena et al. 2010).   
As expected, the use of seedling shelter tubes during the first year of establishment 
led to reduced herbivory as long as seedlings remained shorter than the top of the tube.  
However, once seedlings in the tube treatments approached the top of the tube (>70 cm), they 
began experiencing greater herbivory, consistent with previous findings (Alexander et al. In 
Revision; Dick 2015; Sharrow 2001).  This was likely due to an increased number of stems 
available for browse as a result of the increased height growth (Dick 2015).  Furthermore, 
seedlings receiving no protection in the no tube treatments experienced less mean herbivory 
between burned and unburned treatments and across densities, likely because the un-tubed 
seedlings experienced less growth in general, meaning less stems available for browse.  
Overall, the largest increase in herbivory was evident between the July and December 
sampling dates.  More specifically, spiny hackberry was consistently browsed more than 
narrow-leaf elbowbush or Texas ebony across the study site, more so in the December-March 
sampling dates.  The increase in browse may have been due to dietary shifts in herbivores, 
possibly because spiny hackberry makes up almost 12% of white-tailed deer diet in the 
winter, while only 5% or less during spring in regions similar to the study site (Chamrad and 
Box 1968).  Increased herbivory during such a critical time in the seedling establishment 
leads to loss of valuable tissue and energy, which could be detrimental to plant survival in 
semi-arid environments (Oliet et al. 2005). 
I predicted that the use of a pre-planting severe burning of the revegetation sites 
would increase seedling growth and survival, primarily before invasive grasses reestablished, 
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and would begin to lag as grass cover increased.  Overall, the percent cover by invasive 
grasses greatly increased throughout the study in both the burned and unburned treatments 
from almost 0% at planting in March 2014 to 80-100% by March 2015.  However, the 
percent grass cover was slightly lower around the tube areas, which may have been related to 
disturbance by large herbivores.  Exotic, invasive grasses absorb or intercept incident light 
close to the soil surface and limit the establishment of other species by reducing 
photosynthetic ability in competing native species (D’Antonio and Vitousek 1992).  While it 
is known that seedlings typically grow taller as a response to reduced light, it is possible that 
the thick grasses may have had limiting effects on seedling growth and survival under very 
deep shade (Sánchez-Gómez et al. 2006).   In addition, invasive grasses consume soil water 
and nutrients, such as nitrogen and phosphorus, making them unavailable to native plants 
(D’Antonio and Vitousek 1992).  Grasses often compete more with smaller vulnerable 
seedlings of woody species, than with deeper-rooted saplings and adults due to the dense, 
shallow root systems (D’Antonio and Vitousek 1992; Aguiar et al. 1992).  The ability of 
thornscrub forest seedlings to establish in a site already populated by another species, such as 
invasive grass, is difficult and almost impossible; however, if the seedlings are able to reach 
a height above the grasses, they may no longer able to be displaced by such grasses (Baudena 
et al. 2010).  Although the treatments used in this study were designed to minimize major 
natural stressors for seedlings, competition with invasive grasses will likely continue as a 
major inhibitor to seedling establishment, unless mitigated using techniques specifically 
targeted toward grass removal.  Suppression of competitive grasses during the critical stages 
 27 
of seedling establishment is imperative, primarily because seedling growth and survival is 
largely dependent on resource availability (DiTomaso 2000).   
Treatment combinations, in terms of cost versus benefit, indicated the combination of 
burned/tube/high-density planting treatments were more costly, but also yielded greater 
overall survival than other treatment combinations (Table 6).  It is important to note that the 
cost of constructing and carrying out the controlled burning of brush piles was calculated 
based on U.S. Federal Government standards, and would be potentially less costly if carried 
out by private entities.  While seedling shelter tube treatments may have been more costly, 
they also yielded greater overall survival than seedlings grown without the use of shelter 
tubes.  Generally speaking, the tube treatments were the only treatment combinations to yield 
a positive height growth.  The positive height growth was used to calculate the length of time 
it would take seedlings to reach a height above invasive grasses where they would no longer 
be competing for light, as well as the time it would take for seedlings to reach a mature 
canopy height of ~4 m (Table 6).  However, this estimation was likely overestimated as it 
was based solely on seedling growth over the first year, and may not accurately reflect true 
growth curves of woody plants in semiarid ecosystems.   
Understanding the ecological conditions most suitable for improving the growth and 
survival of woody plants for restoration efforts is of critical importance in semi-arid 
ecosystems.  Many similar revegetation efforts lack the continued monitoring and evaluation 
to determine the success of the systems, which fail to truly satisfy questions surrounding 
ecosystem goals or functions (Galatowitsch 2012).  This study lays a foundation of 
knowledge surrounding the early stages of seedling establishment in Tamaulipan thornscrub 
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forests in degraded environments where invasive species are present.  In particular, it allows 
for future monitoring of the study site in order to develop a more complete understanding of 
revegetated thornscrub systems from the time of planting.   
  
 
 
V.  MANAGEMENT IMPLICATIONS AND CONCLUSION 
Results of this study suggest the importance of utilizing both pre- and post-planting 
treatment combinations in revegetation efforts in order to improve growth and survival 
during the most important stage of thornscrub seedling development.  In order to avoid a 22-
44% loss of seedlings over the first year of establishment (Alexander et al. In Revision; Dick 
2015; Young and Tewes 1994), treatments are necessary.  Results show that the combination 
of seedling shelter tube and pre-planting severe burning of the restoration site prior to 
planting resulted in the greatest growth and survival in this study.  No one particular planting 
density alone had a consistent significant effect on overall growth and survival, leaving me to 
suggest that a combination of higher density planting with a pre-planting severe burn and 
shelter tubes would be the most useful in the establishment of dense tracts of vegetation. 
While high density planting in pre-burned areas may not be logistically possible for 
revegetating large tracts of land, as it would be four-times more costly to revegetate a site 
than low density planting, it may be useful as a planting scheme to revegetate narrow wildlife 
travel corridors in semiarid ecosystems.  Tamaulipan thornscrub seedlings should be planted 
with the use of a combination of pre-planting burning, shelter tube, and high density planting 
treatments to potentially reduce the detrimental impacts of environmental stressors.  
However, the treatment combinations may vary depending on resource availability and cost.  
The most costly treatment in the study was the construction of a pre-planting severe burn to 
prepare the site for planting, followed by the installation of seedling shelter tubes with 
fiberglass stakes.  However, when combined, the treatments have also been shown to 
increase survival by as much as 10%, causing a 54% height increase and 32% increase in 
 30 
basal diameter, which translates to increased establishment of root systems which are critical 
in semi-arid environments (Oliet et al. 2005).   
Shelter Tube 
When revegetation efforts can be carried out utilizing shelter tubes, it is 
recommended that they be used in combination with a pre-planting severe burning of the site 
and high density planting.  Tubes increase survival in both burned and unburned areas 
because shelter tubes help alleviate nutrient, light, moisture, and herbivory stress which can 
otherwise be detrimental to the establishment of young thornscrub seedlings (Alexander et al. 
In Revision; Dick 2015; Sharrow 2001).  Shelter tubes may also allow seedlings to develop 
to a point where they are able to successfully overcome the stress placed on them by invasive 
grasses.  It is important to note, the use of rigid, fiberglass stakes to secure shelter tubes is 
recommended in order to prevent tipping from high winds.  Tipping would allow air to 
circulate beneath the tube, reducing soil moisture and exposing the seedling to herbivory.  
Additionally, most shelter tubes and fiberglass stakes can be reused in future revegetation 
sites, which would reduce or eliminate costs of purchasing new equipment.   
No Shelter Tube 
In such situations where revegetation must be carried out without the use of shelter 
tubes, it is recommended that seedlings be planted without the use of a pre-planting severe 
burning of the site.  The burn treatments were more costly than unburned treatments and 
yielded only a 3% greater survival in un-tubed seedlings, while height and basal diameter 
growth were similar between both.   
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Environmental and biotic stressors cause a large threat to seedling success in semi-
arid restoration projects and treatments are necessary to help seedlings overcome such 
stressors.  Successfully establishing small tracts of dense thornscrub canopies through use of 
planting treatments would allow land managers to establish travel corridors over a shorter 
time period in highly fragmented ecosystems.  This would allow for dispersal between 
fragmented populations of species who rely on dense tracts of vegetation for travel. 
While this study provides data to aid land managers in adjusting current restoration 
practices for preparing and planting thornscrub in degraded habitats, future studies should be 
conducted in this study site to assess soil fertility and plant nutrient status, as well as to verify 
whether the seedlings are taking up nitrogen fixed by the Texas ebony present in the planting 
scheme.  Future monitoring of seedlings on an annual basis is recommended in order to 
establish a more robust set of measurements of seedling growth and survival from the time of 
planting through maturity.  Under similar conditions, treatment combinations utilized in this 
study may provide an advantage for seedling growth and survival in future efforts, ultimately 
reducing financial losses by avoiding high seedling mortality.  This study utilized three 
species in order to eliminate variations in growth and survival rates of mixed-species planting 
schemes.  It provides an advantage by reducing variation based on sampling a large number 
of species and by narrowing down the effectiveness of treatment combinations by species. 
Biological invasions, climate change, and land-use changes have led to species 
extinctions by irreversibly altering functional and compositional changes of species 
(D’Antonio and Vitousek 1992).  Reduction in richness of native plant species due to 
competition with invasive grasses and heavy browse by herbivores may affect the diversity 
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and persistence of animal populations that rely on dense natural vegetation for food or habitat 
(D’Antonio and Vitousek 1992; Terborgh et al. 2001), so determining how to successfully 
restore thornscrub habitat is essential to the conservation of those species (Harveson et al. 
2004).   
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VIII. TABLES 
Table 1. 
Ground-level Herbicide Shelter Tube Seedling-level
Burned Tube (74cm) High Density 97.6% 18.5 0.12 3
Burned Tube (74cm) Medium Density 90.5% 12.3 0.09 3
Burned Tube (74cm) Low Density 91.7% 17.6 0.12 3
Burned High Density 94.0% -12.1 0.04 4
Burned Medium Density 91.7% -9.9 0.06 4
Burned Low Density 85.7% -8.5 0.04 4
Tube (74cm) High Density 90.5% 3.3 0.06 3
Tube (74cm) Medium Density 89.3% 3.4 0.09 3
Tube (74cm) Low Density 83.3% -3.8 0.07 4
High Density 90.5% -9.0 0.06 4
Medium Density 88.1% -10.7 0.05 3
(Control) Low Density 86.9% -11.0 0.04 4
Fire Herbicide (AA) Tube (60cm) 95.0% 22.0 0.33 1
Fire Herbicide (AA) 70.0% 0.0 0.43 3
Fire Herbicide (G) Tube (60cm) 95.0% 24.0 0.23 2
Fire Herbicide (G) 78.0% 0.0 0.33 3
Fire Tube (60cm) 88.0% 35.0 0.23 1
Fire 70.0% 2.0 0.68 3
Mow Herbicide (AA) Tube (60cm) 79.0% 20.0 0.18 2
Mow Herbicide (AA) 30.0% -16.0 0.08 5
Mow Herbicide (G) Tube (60cm) 91.0% 18.0 0.23 2
Mow Herbicide (G) 85.0% -20.0 0.03 4
Mow Tube (60cm) 100.0% 12.0 0.13 2
Mow 75.0% -15.0 0.03 4
Herbicide (AA) Tube (60cm) 100.0% 22.0 0.03 3
Herbicide (AA) 54.0% -15.0 0.03 5
Herbicide (G) Tube (60cm) 100.0% 20.0 0.13 2
Herbicide (G) 92.0% -7.0 0.03 4
Tube (60cm) 86.0% 22.0 0.23 2
(Control) 68.0% -7.0 0.03 5
Total Precipitation:   48.9 cm  
Mean Minimum 
Temperature:  18.7° C                              
Mean Maximum 
Temperature:  27.7° C
LANWR  March 2012 - 
September 2014
Alexander, 
Moczygemba, & Dick, 
Submitted for 
publication, 2015
Treatment Applied
Name of Study Location Climatic Conditions
% Survival                        
(% survival/ year)
Height 
Growth 
(cm/yr)
Basal 
Diameter 
Growth 
(cm/yr)
Success 
Index
Vela, Alexander, 
Moczygemba, & 
Fierro-Cabo, Thesis
LANWR Bobcat Unit, (N 
26°15.798’, W 97°21.967’) 
March 2014 - March 2015
Total Precipitation:   73.4 cm  
Mean Minimum 
Temperature:  18.1° C                              
Mean Maximum 
Temperature:  26.5° C
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Table 1 (continued 2 of 3). 
Fence Herbicide (C) Tube (60cm) 6-mo 88.8% 5.0 0.27 2
Fence Herbicide (C) Tube (60cm) 12-mo 95.9% 28.0 0.31 2
Fence Herbicide (C) Tube (60cm) 18-mo 92.4% 27.0 0.26 2
Fence Herbicide (C) 90.7% 4.0 0.32 2
Fence Tube (60cm) 6-mo 80.6% 4.0 0.12 4
Fence Tube (60cm) 12-mo 90.0% 21.0 0.22 2
Fence Tube (60cm) 18-mo 93.0% 18.0 0.19 2
Fence 81.4% -4.0 0.11 4
Herbicide (C) Tube (60cm) 6-mo 88.5% 7.0 0.11 3
Herbicide (C) Tube (60cm) 12-mo 88.7% 17.0 0.24 2
Herbicide (C) Tube (60cm) 18-mo 93.7% 20.0 0.21 2
Herbicide (C) 87.5% -5.0 0.05 4
Tube (60cm) 6-mo 84.0% 0.0 0.10 4
Tube (60cm) 12-mo 80.0% 18.0 0.20 3
Tube (60cm) 18-mo 79.8% 16.0 0.12 3
(Control) 79.8% 8.0 0.16 3
Herbicide (G) Tube (30cm) 88.0% 12.8 3.70* 2
Herbicide (G) Tube (60cm) 89.0% 29.3 3.80* 1
Herbicide (G) Clipped 67.3% 7.9 4.00* 3
Tube (30cm) 89.8% 12.6 4.00* 2
Tube (60cm) 86.5% 28.7 __ 2
Clipped 67.3% -7.1 __ 4
(Control) 66.0% -6.1 3.20* 3
Young & Tewes, 1994 LANWR  February 1991 - 
February 1992
Total Precipitation:  103.8 cm  
Mean Minimum 
Temperature:  17.1° C                              
Mean Maximum 
Temperature:  26.4° C
LANWR Unit 8 (N 26°1523', 
W 97°21.53') January 2013 - 
September 2014
Dick, Thesis 2015 Total Precipitation:   48.9 cm  
Mean Minimum 
Temperature:  18.7° C                               
Mean Maximum 
Temperature:  27.7° C
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Table 1 (continued 3 of 3). 
Direct Seeded __ __ __
Seedlings __ __ __
LRGVNWR La Coma 95 Tract 
1995 - 1998
Total Precipitation:  255.37 
cm                               Mean 
Minimum Temperature:  
17.8° C                              Mean 
Maximum Temperature:  
29.9° C
No Treatment __ 0.6 __ __
LRGVNWR La Coma 98 Tract 
April 1998 - July 1998
Total Precipitation:   1.83 cm  
Mean Minimum 
Temperature:  21.9° C                              
Mean Maximum 
Temperature:  34.9° C
No Treatment <40% (4 mo) 0.7 __ 5
LRGVNWR McManus Tract 
(Mature Reference Site ) 
1992 - 1998
Total Precipitation:   439.8 cm  
Mean Minimum 
Temperature:  17.6° C                              
Mean Maximum 
Temperature:  29.6° C
No Treatment __ __ __ __
LRGVNWR Rudman Tract 
November 1995 - 
September 1998
Total Precipitation:   173.3 cm  
Mean Minimum 
Temperature:  17.7° C                              
Mean Maximum 
Temperature:  29.9° C
No Treatment __ 0.2 __ __
*Represents data for single species (Texas ebony)
Ewing & Best, 2004 LRGVNWR Llano Grande 
Banco Tract September 1992 
- 1998
Total Precipitation:   439.8 cm  
Mean Minimum 
Temperature:  17.6° C                              
Mean Maximum 
Temperature:  29.6° C
0.4
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Table 2. 
Effect 
Height Basal Diameter Survival Browse Grass Cover 
df   
F-
value 
P-
value df   
F-
value 
P-
value df 
F-
value 
P-
value df   
F-
value 
P-
value df   
F-
value 
P-
value 
Date 3 3451 417.44 <.0001 3 3452 366.2 <.0001 
3 97.985 <.0001 
3 3972 153.97 <.0001 3 3972 5324.3 <.0001 
Burn 1 3 7.49 0.072 1 3 4.13 0.1349 
1 1.5288 0.2164 
1 3 1.91 0.2607 1 3 2.53 0.2098 
Date*Burn 3 3451 27.48 <.0001 3 3452 6.88 0.0001 
3 0.733 0.5322 
3 3972 2.61 0.0501 3 3972 19.5 <.0001 
Tube 1 6 272.93 <.0001 1 6 29.42 0.0016 
1 47.262 <.0001 
1 6 0.54 0.4916 1 6 2.77 0.1468 
Date*Tube 3 3451 591.27 <.0001 3 3452 36.36 <.0001 
3 13.929 <.0001 
3 3972 1.11 0.3432 3 3972 33.86 <.0001 
Burn*Tube 1 6 10.21 0.019 1 6 7.56 0.0333 
1 5.4035 0.0201 
1 6 1.73 0.2361 1 6 0.43 0.5372 
Date*Burn*Tube 3 3451 28.71 <.0001 3 3452 6.51 0.0002 
3 0.4524 0.4524 
3 3972 5.62 0.0008 3 3972 22.77 <.0001 
Density 2 3451 6.44 0.002 2 3452 2.67 0.0691 
2 7.7592 0.0004 
2 3972 1.75 0.1738 2 3972 28.29 <.0001 
Date*Density 6 3451 2.41 0.025 6 3452 0.56 0.7645 
6 1.0078 0.4181 
6 3972 0.97 0.4406 6 3972 5.61 <.0001 
Burn*Density 2 3451 4.27 0.014 2 3452 1.47 0.2298 
2 3.5909 0.0277 
2 3972 4.3 0.0137 2 3972 5.41 0.0045 
Date*Burn*Density 6 3451 2.48 0.021 6 3452 1 0.4267 
6 0.9752 0.4402 
6 3972 2.58 0.0169 6 3972 0.91 0.4863 
Tube*Density 2 3451 0.46 0.632 2 3452 0.2 0.8157 
2 2.3874 0.092 
2 3972 1.47 0.23 2 3972 1.39 0.2492 
Date*Tube*Density 6 3451 1.19 0.307 6 3452 0.74 0.6141 
6 1.1089 0.3543 
6 3972 2.02 0.0591 6 3972 1.68 0.122 
Burn*Tube*Density 2 3451 3.51 0.03 2 3452 10.74 <.0001 
2 1.6829 0.186 
2 3972 6.81 0.0011 2 3972 11.76 <.0001 
Date*Burn*Tube*Density 6 3451 3.17 0.004 6 3452 5.91 <.0001 
6 0.4044 0.8765 
6 3972 3.28 0.0032 6 3972 2.43 0.0238 
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Table 3. 
Effect 
Height Basal Diameter Survival Browse Grass Cover 
df   
F-
value 
P-
value df   
F-
value 
P-
value df 
F-
value 
P-
value df   
F-
value 
P-
value df   
F-
value 
P-
value 
Date 3 1130 223.96 <.0001 3 1131 241.7 <.0001 
3 26.743 <.0001 
3 1296 78.56 <.0001 3 1296 1832.2 <.0001 
Burn 1 3 7.67 0.07 1 3 3.29 0.1672 
1 6.4504 6.4504 
1 3 2.48 0.214 1 3 1.64 0.29 
Date*Burn 3 1130 13 <.0001 3 1131 4.62 0.0032 
3 0.7903 0.4993 
3 1296 1.92 0.124 3 1296 5.59 0.0008 
Tube 1 6 278.73 <.0001 1 6 23.26 0.0029 
1 3.4922 0.0619 
1 6 0.19 0.681 1 6 2.32 0.1787 
Date*Tube 3 1130 266.85 <.0001 3 1131 18.6 <.0001 
3 0.833 0.4757 
3 1296 1.75 0.156 3 1296 15.4 <.0001 
Burn*Tube 1 6 7.51 0.034 1 6 6.92 0.039 
1 0.8179 0.366 
1 6 0.5 0.506 1 6 0.15 0.7078 
Date*Burn*Tube 3 1130 8.67 <.0001 3 1131 4.1 0.0066 
3 0.1192 0.9488 
3 1296 1.77 0.151 3 1296 8.46 <.0001 
Density 2 1130 4.04 0.018 2 1131 3 0.0501 
2 0.7049 0.4943 
2 1296 1.2 0.301 2 1296 7.9 0.0004 
Date*Density 6 1130 2.26 0.036 6 1131 0.54 0.7805 
6 0.1692 0.985 
6 1296 1.48 0.183 6 1296 1.96 0.0684 
Burn*Density 2 1130 3.67 0.026 2 1131 0.46 0.6297 
2 1.4145 0.2434 
2 1296 2.33 0.098 2 1296 1.1 0.334 
Date*Burn*Density 6 1130 1.44 0.194 6 1131 0.98 0.4393 
6 0.4202 0.866 
6 1296 1.21 0.3 6 1296 0.97 0.4438 
Tube*Density 2 1130 1.35 0.258 2 1131 1.31 0.2702 
2 3.1913 0.0414 
2 1296 0.76 0.467 2 1296 0.82 0.4411 
Date*Tube*Density 6 1130 1.72 0.112 6 1131 1.98 0.0655 
6 0.8104 0.5618 
6 1296 1.18 0.315 6 1296 1.5 0.1753 
Burn*Tube*Density 2 1130 3.58 0.028 2 1131 5.39 0.0047 
2 0.1379 0.8712 
2 1296 1.62 0.199 2 1296 9.37 <.0001 
Date*Burn*Tube*Density 6 1130 2.11 0.049 6 1131 4.16 0.0004 
6 0.1496 0.9892 
6 1296 1.45 0.194 6 1296 1.74 0.1093 
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Table 4.  
Effect 
Height Basal Diameter Survival Browse Grass Cover 
df   
F-
value 
P-
value df   
F-
value 
P-
value df 
F-
value 
P-
value df   
F-
value 
P-
value df   
F-
value 
P-
value 
Date 3 1095 138.63 <.0001 3 1095 78.96 <.0001 3 44.48 <.0001 3 1276 31.4 <.0001 3 1276 1636.6 <.0001 
Burn 1 3 1.34 0.3313 1 3 0.08 0.794 1 9.826 0.002 1 3 0.12 0.7547 1 3 3.77 0.147 
Date*Burn 3 1095 6.63 0.0002 3 1095 0.11 0.952 3 2.067 0.103 3 1276 0.32 0.8128 3 1276 7.2 <.0001 
Tube 1 6 585.15 <.0001 1 6 20.02 0.004 1 92.83 <.0001 1 6 16.12 0.007 1 6 2.33 0.178 
Date*Tube 3 1095 218.21 <.0001 3 1095 15.03 <.0001 3 21.14 <.0001 3 1276 5.63 0.0008 3 1276 13.42 <.0001 
Burn*Tube 1 6 14.43 0.009 1 6 4.9 0.069 1 5.304 0.021 1 6 3.27 0.1207 1 6 0.68 0.441 
Date*Burn*Tube 3 1095 6.27 0.0003 3 1095 1.7 0.166 3 1.36 0.254 3 1276 2.29 0.077 3 1276 5.07 0.002 
Density 2 1095 2.27 0.1036 2 1095 2.02 0.133 2 9.563 <.0001 2 1276 0.94 0.3896 2 1276 9.83 <.0001 
Date*Density 6 1095 1.34 0.2371 6 1095 0.96 0.453 6 1.599 0.144 6 1276 0.71 0.6428 6 1276 2.18 0.043 
Burn*Density 2 1095 2.69 0.0685 2 1095 1.77 0.171 2 0.395 0.674 2 1276 0.06 0.9384 2 1276 1.81 0.163 
Date*Burn*Density 6 1095 0.75 0.6108 6 1095 0.46 0.835 6 0.72 0.634 6 1276 0.36 0.9014 6 1276 1.42 0.205 
Tube*Density 2 1095 0.27 0.7607 2 1095 0.15 0.863 2 1.666 0.189 2 1276 0.16 0.8486 2 1276 0.96 0.385 
Date*Tube*Density 6 1095 0.28 0.9458 6 1095 0.5 0.806 6 0.656 0.685 6 1276 0.36 0.9054 6 1276 1.15 0.333 
Burn*Tube*Density 2 1095 0.55 0.5774 2 1095 3.98 0.019 2 2.483 0.084 2 1276 5.08 0.0064 2 1276 4.28 0.014 
Date*Burn*Tube*Density 6 1095 1.74 0.1092 6 1095 1.86 0.084 6 0.856 0.527 6 1276 1.87 0.0835 6 1276 2.6 0.016 
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Table 5. 
Effect 
Height Basal Diameter Survival Browse Grass Cover 
df   
F-
value 
P-
value df   
F-
value 
P-
value df 
F-
value 
P-
value df   
F-
value 
P-
value df   
F-
value 
P-
value 
Date 3 1106 100.4 <.0001 3 1106 83.39 <.0001 
3 31.873 <.0001 
3 1280 52.76 <.0001 3 1280 1815.6 <.0001 
Burn 1 3 4.12 0.135 1 3 4.95 0.113 
1 6.7907 0.009 
1 3 1.98 0.254 1 3 2.23 0.233 
Date*Burn 3 1106 13.92 <.0001 3 1106 8.63 <.0001 
3 0.7654 0.514 
3 1280 2.41 0.065 3 1280 8.24 <.0001 
Tube 1 6 108.3 <.0001 1 6 12.54 0.012 
1 20.199 <.0001 
1 6 0.06 0.813 1 6 3.25 0.122 
Date*Tube 3 1106 155.4 <.0001 3 1106 9.81 <.0001 
3 4.0705 0.007 
3 1280 1.22 0.3 3 1280 6.74 2E-04 
Burn*Tube 1 6 8.58 0.026 1 6 2.98 0.135 
1 0.7515 0.386 
1 6 3.23 0.123 1 6 0.53 0.493 
Date*Burn*Tube 3 1106 16.68 <.0001 3 1106 2.85 0.036 
3 0.4099 0.746 
3 1280 4.87 0.002 3 1280 10.83 <.0001 
Density 2 1106 1.09 0.335 2 1106 0.05 0.951 
2 1.9223 0.147 
2 1280 1.25 0.287 2 1280 10.28 <.0001 
Date*Density 6 1106 0.34 0.918 6 1106 0.79 0.579 
6 0.2875 0.943 
6 1280 0.95 0.461 6 1280 2.16 0.045 
Burn*Density 2 1106 0.87 0.417 2 1106 0.86 0.422 
2 5.053 0.007 
2 1280 4.4 0.013 2 1280 3 0.05 
Date*Burn*Density 6 1106 0.86 0.522 6 1106 0.98 0.44 
6 1.1171 0.35 
6 1280 2.46 0.023 6 1280 0.36 0.906 
Tube*Density 2 1106 0.07 0.929 2 1106 0.59 0.555 
2 5.999 0.003 
2 1280 1.8 0.166 2 1280 0.29 0.746 
Date*Tube*Density 6 1106 0.75 0.606 6 1106 0.44 0.854 
6 0.9593 0.452 
6 1280 3.02 0.006 6 1280 0.59 0.736 
Burn*Tube*Density 2 1106 0.8 0.449 2 1106 2.69 0.068 
2 0.1536 0.858 
2 1280 2.32 0.099 2 1280 2.92 0.055 
Date*Burn*Tube*Density 6 1106 1.03 0.407 6 1106 2.15 0.046 
6 0.5036 0.806 
6 1280 1.67 0.124 6 1280 0.69 0.661 
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Table 6. 
Treatment Treatment Cost Outcome 
Pre-
planting 
Severe 
Burn 
Shelter 
Tube With 
Fiberglass 
Stake 
Planting 
Density 
Per 
Seedling 
Per 1,000 
Seedlings 
Final % 
Survival 
% Change 
Height 
% Change 
Basal 
Diameter 
Time to 
Canopy 
Height 
(yrs) 
Time to 150 
cm (yrs) 
Cost of 
Seedling 
Survival 
No No Low $0.00  $0  87% -35% 11% 
  
$1,479  
No No Medium $0.00  $0  88% -33% 13% 
  
$1,496  
No No High $0.00  $0  91% -26% 16% 
  
$1,547  
No Yes Low $2.99  $2,990  83% -11% 20% 
  
$1,411  
No Yes Medium $2.99  $2,990  89% 11% 24% 117 44 $1,513  
No Yes High $2.99  $2,990  91% 10% 17% 123 46 $1,547  
Yes No Low $7.71  $7,710  86% -27% 11% 
  
$1,462  
Yes No Medium $7.71  $7,710  92% -31% 17% 
  
$1,564  
Yes No High $7.71  $7,710  94% -37% 11% 
  
$1,598  
Yes Yes Low $10.70  $10,700  92% 55% 35% 23 9 $1,564  
Yes Yes Medium $10.70  $10,700  91% 39% 24% 32 12 $1,547  
Yes Yes High $10.70  $10,700  98% 54% 32% 22 8 $1,666  
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IX. FIGURES 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 6. 
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Figure 13. 
